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ABSTRACT: The time effect of ultrasonication was inves-
tigated for dispersing carbon nanofibers (CNFs) into a poly-
carbonate (PC) matrix on the mechanical properties of thus-
produced composites. The effects of CNF surface modifica-
tion by plasma treatment and the CNF concentration in
composites on their mechanical properties were also
explored. The plasma coating was characterized by HRTEM
and FT-IR. Furthermore, the plasma polymerization (10 w)
treatment on the CNF enhanced the CNF dispersion in the
polymer matrix. The mechanical properties of the CNF–PC
composites varied with the dispersion time, at first increasing
to a maximum value and then dropping down. After a long
ultrasonic treatment (24 h), the properties increased again. At
a high concentration, the CNF-PC suspension became
difficult to disperse. Additionally, the possible mechanisms
for these behaviors are simply proposed.  2006 Wiley
Periodicals, Inc. J Appl Polym Sci 103: 3792–3797, 2007
Key words: composites; carbon nanofiber (CNF); disper-
sion; mechanical properties; polycarbonates
INTRODUCTION
Carbon nanotubes (CNTs) have been attracting wide
interests since being discovered by S. Iijima in 1991.1
Due to their unique physical properties, carbon
nanotubes have many potential applications. Fore-
seeable CNT–polymer composite materials for struc-
tural or functional applications include the field
emitter,2 the tip for scanning probe microscope
(SPM)3, and nanotube actuators.4 However, unmodi-
fied CNTs are subject to aggregation into packed
ropes or entangled networks owing to the strong
intertube Van der Waals attraction, which acts as an
obstacle to most applications. Especially, the aggre-
gates of nanotube bundles effectively reduce the as-
pect ratio (length/diameter) of the reinforcement
used in composites. Basically, two separate routes,
including functionalization and ultrasonication, have
been followed to disperse CNTs. Functionalization
of CNTs has shown to be effective in dispersion.5–6
Ultrasonication is one of the main methods used to
disperse the CNTs.7
Although ultrasonication of carbon nanotubes in
organic solvents8–10 is widely used, the dispersion
mechanism and the factors that optimize its efficiency
are poorly understood. There is no detailed proce-
dure to optimize the dispersion of surface modified
nanotubes with different CNT concentrations. Nano-
glues or uniform ultra-thin coatings on CNTs have
been used to provide a strong link to increase the
bonding strength on the CNT–matrix interface. The
different coatings can be tailored to change the
mechanical, electrical, and/or magnetic properties of
CNTs due to a combination of changes in dimension
and interface property. Recently, our group used
plasma polymerization to coat carbon nanotubes and
obtained a good result for the CNT dispersion in a
polymer matrix.11 These surface-modified nanotubes
were embedded into a polystyrene matrix and they
reinforced it.
Many types of carbon nanotubes exist and the
terminology is not universal. Carbon nanofiber
(CNF) usually has a larger diameter and is longer in
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length and lower in cost than the multiwalled carbon
nanotube (MWNT). In this article we address the
dispersion of untreated and plasma polymerization-
treated CNFs with different concentrations into a
polycarbonate (PC) matrix by ultrasonication. The
focus is mainly on the dependence of the mechanical
properties on the dispersion time and the CNF con-
centration in the CNF–PC composites. The CNF used
in this research has the similar structure as MWNT
so the result may give the insight of the mechanical
properties of CNT–polymer composites.
EXPERIMENTAL
CNFs (Pyrograft PR 24) in size from 60 to 150 nm
were purchased from Applied Science Inc., Cedarville,
OH. Styrene (99.5 wt %) was obtained from Alfa
Aesar, a Johnson Matthey company, Ward Hill, MA.
The styrene was used to coat the CNF. Polycarbon-
ate Resin was purchased from Fisher Scientific Inc.,
Chicago IL, with MW 64,000.
The CNFs were coated with a stirred plasma reac-
tor for 1 h under 10 w of plasma power. The condi-
tions are the same as those described by Shi et al.11
The polystyrene coating was characterized using
high-resolution transmission electron microscopy
(HRTEM) and infrared spectroscopy (BIO-RAD FTS-
40 FTIR spectrometer with a BIO-RAD transmittance
attachment).
A simple solution-evaporating method was em-
ployed by sonication to prepare CNF–polycarbonate
composites. Two grams of polycarbonate (polymer
matrix) were weighed and put into a beaker. Mean-
while, 1, 2, 3, and 5 wt % uncoated and coated
CNFs were also put into other beakers, respectively.
Chloroform was added to these beakers which sepa-
rately contained the polycarbonate and CNFs. These
beakers were then put into an ultrasonic tank (L&R
Solid Ultrasonic T-14B, Misawa Inc.) with 95 w
power and 23 KHz frequency in order to disperse
their contents. After the polycarbonate was dissolved
completely, the solutions containing CNFs were
mixed with the solutions containing polycarbonate,
respectively. After ultrasonic treatment for a fixed
time (0.5, 1, 2, 4, 8, 12, and 24 h), these mixed solu-
tions were poured into respective aluminum molds.
After the chloroform was evaporated, composite
films were formed.
The films were removed from the molds and cut
into several slips with dimensions of 50  6  0.4 mm
for measurement of the tensile properties according
to the ASTM D 822-97 (Standard Test Method for
Tensile Properties of Thin Plastic Sheeting). An
Instron mechanical testing machine, model 2525-818,
with a speed of 1 mm/min crosshead was used for
the tensile test.
RESULTS AND DISCUSSION
The HRTEM image [Fig. 1 (a)] of the original CNF
shows the graphite structure with interlayer spacing
d002 ¼ 0.34 nm. Parallel graphite layers are clearly
seen. The shell thickness of the CNF can be esti-
mated to be about 20–30 nm. Figure 1(b) shows the
HRTEM image of the plasma surface-modified CNF.
Figure 1 HRTEM images of nanofibers: (a) uncoated CNF; (b) coated CNF.
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Ultrathin thin films of amorphous layers can be
clearly seen covering the both side of CNF shell. The
thin films are uniform with thickness of approxi-
mately 7 nm for the outing coating and 1–3 nm for
the inner coating.
In order to further investigate the surface structure
of the films on CNFs, FT-IR was conducted; the
spectrum is shown in Figure 2. The characterization
peaks of FI-IR can be found in the study by Kuptsov
and Zhizhin.12 The spectrum exhibits several very
strong peaks between 1400 and 1600 cm1, which
result from the CC vibrating absorption of the
benzene ring. The several peaks are due to the
special absorption of the benzene ring. These peaks
confirmed that the plasma polymer structure con-
tained some benzene rings. In addition, the peaks in
the wave number ranging from 690 to 900cm1
belong to the benzene CH out-of-plane bending.
Actually in Figure 2, at 758 and 700cm1, these two
peaks are due to the special absorption for one
hydrogen atom of a benzene ring substituted with
other functional groups. Although the standard
FT-IR spectrum of polystyrene is relatively simple in
comparison to that shown in Figure 2, the special
absorption peaks for styrene are almost the same
as those for common polystyrene. This reveals that
in plasma polymerization the molecular structure
is destroyed by ion or electron bombardment. How-
ever, the deposited film still maintains some polysty-
rene molecular structure, which is desirable for
compatibility with the polycarbonate matrix.
For dispersion time from 0.5 to 12 h, the tensile
strength of the CNF–PC composites of different CNF
concentrations had a similar trend (see Fig. 3). First,
the tensile strength increases with the dispersion
time and then reaches a maximum value and de-
creases continuously. The Young’s modulus had a
similar trend as the tensile strength (Fig. 4). Ultraso-
nication imparted a very high energy density into
the dispersion. The mechanism of deagglomeration
lies in cavitation effects arising adjacent to particles
or within loosely associated particle aggregates and
the inability to follow the induced wave front pro-
jected by the transducer. When two particles are sep-
arated by a distance of only a few particle diameters,
hydrodynamic forces of repulsion and attraction are
involved in the ultrasound field.13 The maximum
tensile strength is the balance status of the contract-
ing and repelling forces created in the ultrasound
field. The results also showed that the separation of
the nanotube from the bundle was reversible, lead-
ing to a dynamic equilibrium for the system of the
surfactant adsorption during ultrasonication.14 The
decrease in the tensile strength after maximum
value may come from the decrease in the ultrasound
velocity. The study by Geza and Harald15 showed
that the sound velocity decreased with the disper-
sion time and then jumped again for a long disper-
sion time.
Generally, the composites with coated CNFs have
higher tensile strength than that of uncoated CNFs.
This indicates, in turn, that the coated CNFs are
better dispersed than the uncoated CNFs. The tensile
strength of composite with uncoated CNF can not
exceed the blank PC. Figure 5 shows the SEM image
of the uncoated CNF dispersed by ultrasonication
for 2 h. Figure 6 shows the SEM images of the com-
posites with different concentrations of the coated
CNF at their optimum dispersion status: 1 wt %
coated CNF (10 w) dispersed for 2 h (above) and
5 wt % coated CNF (10 w) dispersed for 8 h (below).
Figure 5 (compared to Fig. 6) displayed that the
uncoated CNF had carbon fiber clusters, and large
pores were found in the polymer even under the
optimum ultrasonication condition. That means CNF
cannot give good mechanical properties, even under
the optimum dispersion condition. Lau and Hui16
reported that the use of multiwalled nanotubes for
advanced composite structures did not improve the
mechanical strength of the structure. The weak bond
between the outer shell of the CNF and polymer
matrix may contribute to this; it only affects the
outer shells of the nanotubes. The inner shells can
rotate and slide freely due to the weak Van der
Waals force among the individual shells. This results
in the nonuniform axial deformation inside the
multiwalled nanotubes.
At the maximum tensile strength, the 1% and 2%
composites have higher tensile strength than that of
the pure PC polymer. The tensile strength of 3 and
5 wt % composites did not exceed the value of the
pure PC polymer. This means that the composites
with higher concentration of CNF are difficult to be
dispersed well using sonication. The greatest in-
crease in tensile strength for 1 wt % CNF coated at
Figure 2 FTIR spectrum of the polystyrene coated CNF.
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10 w plasma power is only 3.5% in comparison to
the pure PC polymer.
For composites with different concentrations of
CNF, the time to reach the maximum strength is
different: it is 2 h for the 1 wt % composites and 8 h
for the other composites. This means that longer
time is required to disperse composites with a high
concentration of CNF than with a low concentration.
This is because of the limited space for the move-
ment of the CNF in polymer matrix. Figure 6 showed
that 5 wt % coated CNF at its optimum dispersion
distributed more randomly than the 1 wt % coated
CNF.
For the overnight dispersion time (24 h), the tensile
strength showed a different trend. Basically, the ten-
sile strength of the uncoated and coated CNF-PC
composites increases to some extent. For the com-
posite with 1 wt % uncoated CNF dispersed after
24 h, the maximum tensile strength increased 23%
over the pure PC film. But that of the composite
with 1% coated CNF only increased 6.7%. This
change may result from the change in the velocity of
the ultrasound. As described above,15 in the suspen-
sion system, the velocity of ultrasound decreased
with the dispersion time and jumped to a high
velocity again for a long dispersion time. The un-
coated CNF–PC composites usually show a better
tensile strength after a longer dispersion time. The
mechanism is still not clear. According to Lu et al.,17
long time ultrasonication damages the CNFs. The
destruction of CNFs seems to initiate on the external
layers and travel towards the center. The study also
showed that the nanotube layers seemed quite inde-
pendent, so the CNFs may not get shorter, but
actually became thinner with time. With the decrease
in the layer number of the CNF, the size of nanofib-
ers becomes smaller. Another possible reason for the
coated CNF-PC composites with lower mechanical
properties than the uncoated counterpart after long-
time treatment may arise from the follow process.
The coating dissociates into the radicals after a long
time of ultrasonication. The resident radicals may
Figure 3 Tensile strength of composites with different CNF concentrations changes with ultrasonication time.
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link again to form the agglomeration locally which
contributes to the lower tensile strength than that of
composite with uncoated CNF after a long disper-
sion time. This mechanism has not been verified and
more experiments need to be done in a future work
to confirm this. For the low CNF concentration (1 wt %
CNF), the increase is relatively large. The increasing
amplitude of high-concentration CNF–PC composites
(2, 3, and 5 wt %) showed a lower increase or was
nearly unchanged. This trend also reflected the fact
that high-concentration CNF is difficult to disperse.
The Young’s modulus has the similar trend as the
tensile strength (Fig. 4). Before 12 h dispersion, the
highest Young’s modulus increased 13% above
the modulus of the blank PC for the composite with
1 wt % coated CNF. After 24 h dispersion, the maxi-
mum Young’s modulus increases 42% above the
modulus of the blank PC for the composite with
1 wt % uncoated CNF. These results can be ex-
plained according to the same mechanisms.
Figure 4 Young’s modulus of composites with different CNF concentrations changes with the ultrasonication time.
Figure 5 SEM image of the composite embedded with
the 1 wt % uncoated CNF dispersed for 2 h.
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CONCLUSIONS
Based on above the data and discussion, the follow-
ing conclusions can be drawn:
1. The plasma polymerization-treated CNFs showed
a better dispersion than that for pure CNFs.
This showed, in turn, that treated CNFs had a
greater tensile strength and Young’s modulus
than the pure CNFs dispersed in the PC matrix,
except for overnight dispersion.
2. The tensile strength and Young’s modulus of
CNF-PC composites depended on the CNF dis-
persion in the PC matrix. The mechanical pro-
perties increased with the dispersion time and
reached a maximum as the balance of contract-
ing and repelling forces was reached, and then
the properties decreased with the dispersion
time. For overnight dispersion, the mechanical
properties again increased somewhat.
3. The ultrasonication time to reach the best dis-
persion increased with the CNF concentration.
It is more difficult to disperse the CNFs with
increasing CNF concentration in the polymer
matrix.
4. The possible reason for the increase of the ten-
sile strength and the Young’s modulus may be
the increase in ultrasound velocity, the peeling
of the outer layers of the CNFs, and the change
in the surface status of the CNFs.
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Figure 6 SEM images of the composites embedded with
different concentrations of the coated CNF at their opti-
mum dispersion status: 1 wt % coated CNF dispersed for
2 h (above); 5 wt % coated CNF dispersed for 8 h (below).
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